Many mouse models of abdominal aortic aneurysms have been developed that use a diverse array of methods for producing the disease, including genetic manipulation and chemical induction. These models could provide insight into potential mechanisms in the development of this disease. Although experimental studies on abdominal aortic aneurysms (AAAs) have used a variety of mammalian and avian approaches, there is an increasing reliance on the use of mice. The models recapitulate some facets of the human disease including medial degeneration, inflammation, thrombus formation, and rupture. Most of the mouse models of AAA are evoked either by genetically defined approaches or by chemical means. The genetic approaches are spontaneous and engineered mutations. These include defects in extracellular matrix maturation, increased degradation of elastin and collagen, aberrant cholesterol homeostasis, and enhanced production of angiotensin peptides. The chemical approaches include the intraluminal infusion of elastase, periaortic incubations of calcium chloride, and subcutaneous infusion of AngII. A common feature of these models is the reduction of AAA incidence and severity by the prophylactic administration of matrix metalloproteinase (MMP) inhibitors or genetically engineered deficiencies of specific members of this proteolytic protein family. The validation of mouse models of AAAs will provide insight into the mechanisms of progression of the human disease. (Arterioscler Thromb Vasc Biol. 2004;24:429-434.) 
B y definition, an aneurysm is a permanent dilation of the arterial wall. However, even this seemingly simple criterion has not led to a uniform consensus on the definition of a pathologically relevant aneurysm. Some favor an absolute measurement of the abdominal segment of the aorta, but this criterion is mired by changes in aortic diameter with age and differences between genders. 1 Another criterion is an arterial width measurement that is compared with a normal segment, but this is compromised by the ability to define a truly "normal" segment. 2 There is also a paucity of information on the sequence of events that culminate in the initiation, maturation, and eventual rupture of human AAAs. By the nature of the disease, acquisition of tissue in the formative phase of the disease is not a practical option, even if such pathology was routinely identified as an early stage of development. Therefore, we are restricted to descriptive pathology of tissues segments that are generally acquired during surgical repair of AAAs that are in excess of 5 cm. In addition to the arterial wall being grossly distorted at this stage, such aneurysmal aortas provide limited insight into the events preceding the development of this aberrant tissue.
A basic premise of animal models of disease is that they mimic the cellular and biochemical characteristics in the progression of the human disease. In the case of AAAs, there is a relative paucity of information to gauge the fidelity that animal models reproduce the human disease. Several models of AAAs that have been created in large animals have been reviewed recently. 3, 4 In the current review, we focus on recent advances in the development of models of AAA in mice (Table) . Mice have become dominant in biomedical research for reasons that include their small size, their relative cheapness, the ability to compare well-documented genetic backgrounds, and the ability to delete or overexpress specific genes. One area of need in AAA research is a model to test surgical interventions. In this respect, the physical constraints of mouse models of AAAs will probably have limited usefulness. However, it is likely that mice will be the major species applied to provide mechanistic insight into the aneurysmal process.
Spontaneously Mutated and Genetically Engineered Mice

Defects of Extracellular Matrix
The blotchy mouse has a mutation on the X chromosome that leads to abnormal intestinal copper absorption. Because copper is a required co-factor for lysyl oxidase (Lox), these mice have an inability to crosslink both elastin and collagen because of reduced Lox levels. These mice have a propensity for AAA, with a gender bias in rupture that is frequent in males and rare in females. 5, 6 However, there are more generalized problems such as aneurysms in other regions of the vasculature and emphysema that limit the usefulness of the mice. 4 Similarly, mice with a genetically engineered deficiency in Lox developed to full term but were not viable because of aortic rupture from large aneurysms in the thoracic aorta. 7 Electron microscopy of the aortic walls showed highly fragmented elastic fibers and discontinuity in the smooth muscle cell layers in Lox Ϫ/Ϫ fetuses. Thus, while deficiencies of Lox in mice can result in aneurysm formation and increase the propensity for aortic rupture, these vascular pathologies occur predominately in the thoracic rather than the abdominal aorta and are associated with generalized health problems limiting the usefulness of these mice in AAA research.
Matrix Metalloproteinases
Aneurysmal development has been noted in a number of mice with genetically engineered deficiencies of components of the MMP system. These include mice deficient in MMP-3 8 and TIMP-1. 9,10 However, in both strains of mice, the medial dissections and small aneurysmal structures were present on the thoracic and abdominal segments of the aorta. Therefore, the lack of specificity for the abdominal region may reflect a more generalized destruction of arterial extracellular matrix than occurs in human AAAs.
Hyperlipidemic Mice
The use of mice in atherosclerosis research was escalated by the development of mice that are deficient in either apoE 11, 12 or LDL receptors. 13 Although the majority of the reports on these mice have focused on the development of atherosclerotic lesions, there have been some limited reports on AAA development. In the initial description of en face analysis of aortic lesions in mice, it was noted that abdominal aneurysms were a frequent occurrence in both LDL receptorϪ/Ϫ and apoEϪ/Ϫ mice that were fed a high-fat diet for protracted intervals. 14 These AAAs developed in the suprarenal area of the aorta, just above the left renal artery.
A more detailed analysis of AAAs in apoE Ϫ/Ϫ mice revealed that prolonged feeding of a high-fat diet led to "pseudo-microaneurysms" in which destruction of the media was counteracted by thickening of the adventitia to prevent extravasation of blood. 15 In this study, female mice were placed on a diet enriched in saturated fat, cholesterol, and cholate for approximately 6 months. This pathology was ablated in apoEϪ/Ϫ mice that were also deficient in urokinase. The decrease in aneurysm formation in urokinase deficient mice was attributed to an inability to activate MMP-12 via a plasmin-dependent pathway.
Characteristics of Mouse Models of Abdominal Aortic Aneurysms
AAAs formed under mature atherosclerotic lesions after prolonged feeding of LDL receptor Ϫ/Ϫ mice with diets enriched in saturated fat, cholesterol, and cholate. 16 Medial elastolysis and vessel dilation in the abdominal aorta occurred under atherosclerotic lesions that had necrotic cores with a predominant lipid component. Elastin degradation and ectasia was ablated by the administration of a broad-spectrum MMP inhibitor, CGS 27023A, without exerting any discernable effect on the extent and characteristics of atherosclerotic lesions.
Many of the current publications that describe AAAs in hyperlipidemic mice have used dietary interventions to promote pronounced hypercholesterolemia. However, we have recently noted the appearance of a large AAA in the suprarenal aorta of a 13-month-old apoEϪ/Ϫ female mouse that had been maintained on a normal diet. This large AAA was grossly visible ( Figure 1A ) and contained a marked dilation of the lumen and considerable arterial remodeling ( Figure  1B ). These data demonstrate that even endogenous hyperlipidemia can promote the development of AAA in sufficiently aged mice without the need for a dietary stimulus.
Compound-Deficient Hyperlipidemic Mice
Mice that have a combined deficiency of both apoE and endothelial nitric oxide synthase have been developed. 17 These mice were fed a high-fat diet from weaning for 4 to 6 months. Twenty five percent of the male mice had AAAs in the suprarenal region. These AAAs were characterized by thrombotic or fibrous material accumulating in the perimedial region. No AAAs were reported in female mice. Lowering the elevated blood pressure that occurs in the absence of endothelial NOS with hydralazine administration did not alter the incidence of AAA. 18 This has lead to the suggestion of other mechanisms including changes in vascular smooth muscle proliferation, leukocyte-endothelial interactions, and modulation of platelet aggregation. These effects may be related to the enhanced synthesis of angiotensins since the ACE inhibitor enalapril reduces some forms of vascular pathology in apoE and eNOS compound-deficient mice. 19 A recent study focused on the role of low-density lipoprotein receptor-related protein (LRP) in smooth muscle cells on vascular disease. 20 LRP is a multifunctional protein that binds a variety of biologically diverse ligands. 21 Mice with LRP specifically depleted in smooth muscle cells (SMC) were bred to LDL receptor Ϫ/Ϫ mice and were fed either normal or high-fat diets. Pathology developed in the aortic arch and abdominal aorta of these mice with substantial lengthening, dilatation, and thickening. In addition, large aneurysms developed in the abdominal aortic region. Aortas from these mice exhibited an increased number of SMCs and grossly distorted elastin laminae. LRP1 exerts some of its effects on SMC through interactions with intracellular signaling processes for platelet-derived growth factor (PDGF) receptor-bb. Thus it was proposed that the vascular pathology in the absence of LRP1 is caused by increased activity of the PDGF receptor-bb. This option was explored by treating these mice with the tyrosine kinase inhibitor, Gleevec, which increased the stability of the elastin. Although PDGF has well characterized effects on SMC growth, the mechanism of its role in elastin integrity and AAA formation have not been defined.
Overproduction of Angiotensin Peptides
The Tsukuba hypertensive mouse was produced by crossbreeding of strains that expressed transgenes of human renin and angiotensinogen. 22 Although neither of the single transgenic mice had elevations of arterial blood pressure, the double transgenic animal had modest elevations of Ϸ20 mm Hg. There was no overt vascular pathology in these mice when provided with a standard nutritional base. However, when these mice were provided with drinking water containing 1% sodium chloride, there was a marked increase in mortality for the first 10 days of salt administration. These deaths were caused by ruptured aortic aneurysm in both the thoracic and abdominal region. The rupture site in those dying of abdominal aortic rupture was between the celiac artery and the left renal artery. 23 The formation of AAA was not associated with changes in blood pressure. Therefore, interpretation of the mechanism of the AAA formation in these mice awaits further description of the pathology and the effects of the salt diet on angiotensin peptide production.
Chemically-Induced AAA Elastase Infusion
The infusion of elastase into the infrarenal segment of rat aortas has been a frequently used model of AAAs. 24 The rationale for its development was based on the disrupted nature of elastin in AAAs and its requirement for the maintenance of the structural integrity of the artery. This rat model has been modified to produce AAAs in the aortic infrarenal region of mice. 25 The procedure involves the introduction of a catheter at the iliac bifurcation and isolation of a segment of the abdominal aorta by a distal suture. Porcine pancreatic elastase was introduced into the lumen and incubated for 5 minutes before restoration of flow. The infusion induced an immediate and sustained dilation that was presumably caused by the mechanical effects of the procedure. A dilated state was maintained at constant dimensions for a further 7 days whether vehicle or elastase was infused. During this interval, there was minimal change to the medial layers of the vessel and elastin fibers remained intact. By day 14, dilation was present in mice infused with elastase, whereas the mice infused with heat-inactivated enzyme re-AAA present in an aged female apoEϪ/Ϫ mouse. A, The presence of an AAA is readily apparent in the suprarenal region of the aorta. B, A cross-section stained with Gomori demonstrates the extensive dilation and extracellular matrix deposition.
tained the same external dimensions. At this interval, there was extensive destruction of the elastic lamellae and the adventitial region was occupied by a pronounced inflammatory infiltrate, predominantly containing macrophages. Neutrophils were present on the peripheral aspects of the adventitia surrounding the aorta. The presence of AAA was defined as an increase in aortic diameter that was 100% greater than the size of vessel before perfusion. It should be noted that the source of the elastase has important effects on the outcome of these studies, because AAA development may have been attributable to a contaminant in the commercially available preparations. 26 Administration of doxycycline significantly attenuated elastase-induced AAA formation, presumably because of its property as a broad-spectrum inhibitor of MMPs. 23 Furthermore, deficiency of MMP-9 totally ablated the formation of elastin-induced AAA. Conversely, MMP-12 deficiency, either alone or in combination with MMP-9, exerted no effect on the dimensions of elastase-induced AAAs. 25 The pathology of elastase-induced AAAs was accompanied by decreased expression of both endothelial and neural nitric oxide but a marked increase in the inducible form of this enzyme. The enhanced production of nitric oxide was indirectly demonstrated by the presence of immunostainable nitrotyrosine. Although inducible forms of NOS have been ascribed to a causal role in inflammatory disease and the development of vascular diseases, the size of elastase-induced AAAs was not influenced in male mice that were deficient in inducible NOS. On the contrary, the absence of inducible NOS enhanced the size of AAAs in female mice. 27
Calcium Chloride
Periaortic application of calcium chloride promoted arterial wall thickening in rabbits. 28 When calcium chloride was combined with thioglycollate and applied to arteries of hyperlipidemic rabbits, it promoted the formation of AAA. 29 This approach has been applied to mice by the peri-aortic incubation of calcium chloride. This has been achieved either through placement of a gauze soaked in a calcium chloride solution or through direct placement of a concentrated solution on the aorta between the renal branches and the iliac bifurcation. 30, 31 This procedure did not provoke an immediate increase in aortic diameter in one study, although by 2 weeks there was a significant increase in diameter that progressed in the next week. 30 In another study, there was progressive increase in aortic diameter for the 4 weeks of observation. 31 These modes of incubating the infrarenal aorta with calcium chloride led to increases of aortic diameters in the range of 48% to 110%. The abluminal incubation of calcium chloride also led to structural disruption of the medial layer and inflammatory responses. This inflammation occurred on the luminal and medial aspect of the artery. This model leads to the development of luminal dilation without the preceding mechanical effects that are noted in the elastase-infused model. 31 The elastase-induced model of AAA has been used to define the role of MMPs in the disease process. Deficiency of either MMP-2 or MMP-9 also led to an attenuation of calcium chloride-induced aortic dilation. 31 Studies were also performed in which elicited peritoneal macrophages from wild-type mice were introduced via an intravenous injection into MMP-9Ϫ/Ϫ or MMP-2Ϫ/Ϫ mice. This procedure was performed 1 day before abluminal incubation of calcium chloride and repeated 1 week after the procedure. Introduction of wild-type macrophages into MMP-9Ϫ/Ϫ mice was sufficient to facilitate the development of calcium chlorideinduced AAA. However, the presence of macrophages from wild-type mice failed to promote AAAs in MMP-2Ϫ/Ϫ mice. 31
Angiotensin-Associated AAAs
Infusion of AngII into either LDL receptorϪ/Ϫ or apoEϪ/Ϫ mice leads to the production of AAAs. 32, 33 Delivery of AngII at doses of 500 to 1000 ng/kg per minute, via subcutaneously implanted osmotic mini-pumps, leads to AAAs in the suprarenal region within the 28-day infusion period.
Several features of these AngII-induced AAAs have been defined. The initial publication noted that arterial blood pressure was not altered by the AngII infusion, although this measurement was recorded in anesthetized mice. 33 Subsequent studies in conscious mice using a computerized tailcuff inflation technique have also demonstrated that the lower doses do not increase blood pressure, although the highest dose may promote modest increases in the range of 25 mm Hg. 34, 35 However, increases in blood pressure do not appear to account for the development of AAA, because interventions have been demonstrated to eliminate AAA formation independent of effects on blood pressure. 36 Another important characteristic of these mice that mimics human AAA is the enhanced propensity for the development of AAAs in male mice, with the incidence being approximately twice that of females. 35 Although the majority of AngII-infusion studies have used hyperlipidemic mice, recently it was reported that AAAs develop during AngII-infusion into wild-type C57BL/6 mice. 37 This is the background strain of hyperlipidemic mice used in other studies. The incidence of AAAs was much lower in C57BL/6 mice compared with studies in hyperlipidemic mice, although the AAAs that developed were of equivalent size. Therefore, although hyperlipidemia is not required for the development of AngII-induced AAA, its presence augments the incidence.
The sequence of cellular events during AAA initiation and maturation has recently been determined by the characterization of infrarenal aortic segments of apoEϪ/Ϫ mice after infusion of AngII for 1 to 56 days. 38 The precipitating event that occurs within days of AngII infusion appears to be medial macrophage accumulation in the region that is prone to AAA formation, associated with elastin degradation. It is not clear whether the macrophage accumulation acts as a stimulus for elastin degradation or vice versa. By 3 to 10 days, there were gross dissections of the aortas leading to prominent vascular hematomas. This form of thrombus is distinct from the laminated form that is present in mature human disease. Inflammatory responses were provoked that were likely caused by the presence of thrombi. The inflammatory response was largely restricted to a pronounced infiltration of macrophages. Subsequently, there was en-hanced extracellular matrix deposition and infiltration of other leukocyte populations, primarily B and T lymphocytes. The dilated region of the aorta gradually regained circumferential elastin fibers and completely re-endothelialized. Prominent neovascularization was present throughout the lumen of the remodeled tissue. At late stages of the disease evolution, large atherosclerotic lesions were apparent, as defined by lipid-laden foam cells.
The characteristics of AngII-induced AAAs are consistent with an activation of an inflammatory response and the stimulation of a proteolytic cascade. In agreement with this premise, there was increased expression of NF-kappaB and urokinase in the aneurysmal tissue of AngII-infused apoEϪ/Ϫ mice. 39, 40 The role of the urokinase pathway in the development of AAAs was confirmed by the reduced incidence of AAAs in C57BL/6 and apoEϪ/Ϫ mice that were deficient in urokinase. 37 Furthermore, the broad-spectrum MMP inhibitor, doxycycline, significantly reduced the incidence and severity of AngII-induced AAA formation. 36 
Conclusions
In the area of providing mechanistic insight, a shortcoming of the ability to assess the usefulness of mouse models of AAAs is our current lack of knowledge of the biochemical and cellular characteristics of initiating and perpetrating factors in the human disease. This may be partially overcome by the initiation of a study analogous to the Pathobiological Determinants in Youth Trial (PDAY). 41 The PDAY study acquired tissues from individuals that died under traumatic circumstances. This tissue acquisition in individuals aged 15 to 30 was used to define the cellular sequence of atherosclerotic lesion development and has been a major contributor to the delineation of mechanisms of the disease. 42, 43 The current definition of cellular and biochemical characteristics of human AAAs are limited to descriptions of advanced disease from tissues acquired at the time of surgical repair. The ability to extrapolate the results from animal models will require a systematic study of the mode by which human AAA are initiated and mature.
Even in the absence of detailed knowledge of the human disease, there may be intriguing insights provided by animal models of AAAs that will offer mechanistic insight into the human disease. One fascinating aspect of the AAAs developed in hyperlipidemic and AngII-infused mice is the localization to the suprarenal segment of the aorta. This presumably reflects an inherent property of the arterial wall that promotes formation of aneurysms at this location. Development of AAAs at this locus may be caused by heterogeneity of responses in different regions of aorta that may be attributable to the differing origins of the medial cells. 44 Responses or gene expression that are specific to this region may provide a mechanistic basis for the localization of AAA formation.
A common hypothesis in the development of AAAs in humans is the involvement of specific MMPs, particularly MMP-2 and MMP-9. 45, 46 Evidence has included the increased abundance of MMP-2 and MMP-9 mRNA and protein in human AAA tissue, and an enhanced presence of the active protein. In agreement with this mode of AAA production, there has been general agreement that broad-spectrum inhibition of MMPs or deletion of specific elastolytic members of this class attenuate the production of AAA in several mouse models. Therefore, the consistency of responses points to a common mechanism of extracellular matrix destruction, despite the wide range of insults that are used to provoke the disease.
